Acute fungal sinusitis (AFS) is a devastating disease of the paranasal sinuses afflicting immunocompromised individuals. Knowledge about this disease is limited to clinical observations because there are no animal models in which to study the pathogenesis of the infection. Our goal was to develop a murine model of AFS and examine the role of neutrophils in host defense within the nasal cavity. Female C57BL/6 mice were depleted of neutrophils using anti-Gr-1 monoclonal antibody from day ؊1 to day 5 postinfection to initiate a transient neutropenia within the mice. At day 0, Aspergillus fumigatus conidia were administered intranasally. The untreated Aspergillus-exposed group had significant neutrophil recruitment by day 3, but by day 7 the leukocyte numbers had returned to unexposed levels. There was not a significant influx of mononuclear cells at either time point. In contrast, beginning at day 3 postinfection and continuing through day 7, anti-Gr-1-treated mice had increased cellular recruitment consisting of banded neutrophils at day 3 and mature neutrophils at day 7. Hyphal masses developed only in the anti-Gr-1-treated mice (25 to 36%) but only during the period of treatment. When the treatment was discontinued, hyphal masses could no longer be detected in the nasal cavities of these mice. In contrast, cyclophosphamide treatment did not induce neutropenia, and the nasal cavity remained free of hyphal masses. These studies demonstrate the feasibility of using this model to study AFS and implicate neutrophils in protection of the sinuses against acute Aspergillus infection and in clearance of established hyphal masses.
Acute fungal sinusitis (AFS), also known as fulminant sinusitis, is a rapid, invasive disease of the paranasal cavities. It develops primarily in immunocompromised individuals, such as bone marrow transplant and AIDS patients (5, 21) . The infection is characterized by rapid hyphal transformation within the paranasal sinus cavities. This is followed by fungal invasion of the surrounding mucosa, musculature, vasculature, and, in severe cases, cranium. Patients who do not receive proper medical attention can suffer from bone and tissue loss and, if left untreated, death.
Recent research about AFS has been limited to clinical observations because there are not currently animal models of this disease. Much of what is understood about the innate response to fungal infections in the nasal cavity is inferred from correlatives drawn from other tissue sites. For example, within the lungs, fungal conidium challenge stimulates leukocyte recruitment into the airspaces. The leukocytes, primarily macrophages and neutrophils, internalize resting or swollen conidia and use mechanisms such as respiratory burst to combat infections (2, 3, 10-12, 22, 24) . It is believed that macrophages and neutrophils may have a similar response to fungi within the nasal cavity, although there have been no murine models that demonstrate this (18, 20) . Neutrophils help mediate the nasal inflammatory response in rodents coexposed to lipopolysaccharide and ozone, but the role of these cells in an active sinus infection has yet to be evaluated (6, 25) .
Prior to these studies, there was no report of an animal model of fungal sinusitis in physically intact animals. Other murine studies focused on the pathology of bacterial sinusitis and used physical alterations of the nasal cavity to cause disease. For example, one model of chronic bacterial rhinosinusitis used a Merocel sponge to cause a blockage within the nasal cavity in order to facilitate an infection (9) . Although this study did show bacterial colonization and ensuing inflammation, the infection was not localized to a sinus cavity and aspects of the innate immune response were not addressed. The focus of our studies was to determine whether neutrophils protect the sinus cavity from Aspergillus infection. We did this by developing a novel murine model of AFS. In our studies, the nasal cavities of the mice were not physically altered, but the mice were rendered neutropenic, a common predisposing condition for the development of AFS. The mice were then exposed to Aspergillus fumigatus intranasally to determine if the absence of neutrophils was sufficient for fungal colonization and subsequent development of AFS. The neutropenia was then discontinued to determine whether neutrophils play a role in resolving established hyphal masses.
MATERIALS AND METHODS
Mice. Female C57BL/6 mice (Harlan Sprague Dawley, Inc.) were housed under specific-pathogen-free conditions in enclosed filter top cages. Food and sterile water were given ad libitum. The mice were maintained by the Unit for Laboratory Animal Medicine at the University of Michigan (Ann Arbor, MI), and protocols were approved by an animal institutional review board.
Induction of temporary neutropenia within mice. Temporary neutropenia was established within mice to allow development of an invasive fungal infection. Mice were injected intraperitoneally (i.p.) with 100 g of anti-Gr-1 antibody (RB6-8C5 ascites; raised at Taconic Biotechnology, Germantown, NY) 1 day prior to intranasal fungal exposure. Three additional i.p. injections were given to the mice at days 1, 3, and 5 postinfection to efficiently deplete the mature neutrophil population in treated mice. Once anti-Gr-1 treatment was discontinued at day 5, mature neutrophils began to return, and by day 7 the numbers corresponded to those in a wild-type, uninfected animal.
Immunosuppression in mice using cyclophosphamide. Animals were treated with 150 mg/kg of cyclophosphamide (Sigma, St. Louis, MO) via i.p. injection 3 days prior to intranasal exposure. In order to maintain immunosuppression, subsequent injections were then given every 3 days.
Intranasal inoculation of A. fumigatus conidia. A. fumigatus ATCC 13073 was grown on Sabouraud dextrose agar (Difco) for 14 days. Spores (conidia) were harvested by washing plates with sterile 0.1% Tween 80, followed by filtration of the suspension through two layers of sterile gauze to remove hyphae. For infection, the spores were washed in nonpyrogenic saline (Abbott Laboratories, Chicago, IL), counted with a hemocytometer, and diluted to obtain 10 8 spores/ml in sterile nonpyrogenic saline in order to prepare the final inoculum, 10 6 conidia/ mouse administered in 5 l/nostril (total volume, 10 l/mouse). Prior to intranasal inoculation, mice were anesthetized by i.p. injection of a ketamine-xylazine solution (2. Splenocyte isolation. Spleens were excised, and cells were dispersed with the plunger of a 3-ml syringe. Erythrocytes were lysed using NH 4 Cl buffer, and cells were resuspended in complete medium (RPMI 1640, 5% fetal calf serum, 2 mmol/liter L-glutamine, 50 mol/liter 2-mercaptoethanol, 100 U/ml penicillin, 100 g/ml streptomycin sulfate).
Histological analysis. Samples were fixed in 10% neutral buffered formalin and decalcified prior to sectioning (4). Slides were then stained with hematoxylin and eosin for visualization, with Alcian Blue-periodic acid-Schiff stain for visualization of intraepithelial mucosubstances, and with Gomori methenamine silver for visualization of the fungi.
Cytokine and chemokine analysis. Nasal cavities were excised using microsurgical techniques and kept in RNAlater (Ambion, Austin, TX) at Ϫ20°C until RNA isolation was performed. For reverse transcription-PCR, total RNA was isolated from the septa using Trizol reagent (Life Technologies, Gaithersburg, MD) as outlined in the Trizol protocol. After amplification, samples were separated on a 2% agarose gel containing 5 l/100 ml ethidium bromide (10 mg/ml; Sigma), and bands were visualized and photographed using UV transillumination. The primer sequences used are as follows: for KC, forward primer 5Ј-TG AGCTGCGCTGTCAGTGCCT-3Ј and reverse primer 5Ј-AGAAGCCAGCGT TCACCAGA-3Ј; for tumor necrosis factor alpha, forward primer 5Ј-CCTGTA GCCCACGTCGTAGC-3Ј and reverse primer 5Ј-AGCAATGACTCCAAAGT AGACC-3Ј; for gamma interferon, forward primer 5Ј-CTACCTCAGACTCTT TGAAGTCT-3Ј and reverse primer 5Ј-CAGCGACTCCTTTTCCGCTT-3Ј; for MIP-2, forward primer 5Ј-GCTGGCCACCAACCACCAGG-3Ј and reverse primer 5Ј-AGCGAGGCACATCAGGTACG-3Ј; for interleukin-6 (IL-6), forward primer 5Ј-GACAAAGCCAGAGTCCTTCAGAGAG-3Ј and reverse primer 5Ј-CTAGGTTTGCCGAGTAGATCTC-3Ј; and for ␤-actin, forward primer 5Ј-TGGAATCCTGTGGCATCCATGAAAC-3Ј and reverse primer 5Ј-TAAAACGCAGCTCAGTAACAGTCCG-3Ј. Kodak Molecular Imaging software was used to quantify the intensity of the bands, and the net intensity was used to for comparisons between groups. Net intensity is the background-subtracted pixel values in the band rectangle.
RESULTS
To determine the effect of neutrophil depletion on the development of AFS, mice were made temporarily neutropenic by administration of anti-Gr-1 at days Ϫ1, 1, 3, and 5. Mice were inoculated intranasally with A. fumigatus at day 0 and then analyzed histologically for the presence of hyphal masses ( Fig. 1 to 3) . The anti-Gr-1 depletion protocol was effective in significantly reducing the amount of neutrophils present in the nasal cavity and spleen following intranasal exposure to A. fumigatus at day 3 postinfection (Fig. 4 ; see Fig. S1 in the supplemental material).
Mice treated with anti-Gr-1 antibody developed invasive hyphal masses that were visible in histology sections. The masses were localized to the maxillary sinus cavities at days 3 and 7. By day 3 postinfection, 36% of treated mice had developed hyphal masses. By day 7, masses were seen in 25% of treated mice (Fig. 1) . Conversely, untreated mice infected with A. fumigatus showed no signs of hyphal formation at any time point.
We could not continue to treat mice with anti-Gr-1 antibody past day 7. This is because the mice mounted an immune response (serum sickness) against the anti-Gr-1 monoclonal antibody, which is a rat antibody. We continued to monitor mice after they recovered from the transient neutropenia. At days 14 and 28 postinfection, there were no signs of hyphal colonization in histological sections from either untreated or previously anti-Gr-1-treated mice (data not shown).
We next examined whether there were changes to the nasal architecture that were caused by hyphal colonization and induction of AFS. All histological analysis was confined to the maxillary sinuses and the areas of the nasal cavity nearest them. Untreated, Aspergillus-exposed mice did not have pathology indicative of AFS ( Fig. 2 and 3) . All cavities and airways were intact and free of fungal masses, although some minor inflammation was seen in the subepithelial space. In contrast, anti-Gr-1-treated mice had hyphal masses with lesions centered predominantly in the maxillary sinus cavities ( Fig. 2 and 3 ). The lesions were asymmetrical and were found in either the left or right maxillary sinus cavity but never in both cavities. All lesions were characterized by a marked, pyronecrotizing fungal sinusitis with acute rhinitis that varied in severity. At day 3 postinfection, all hyphal masses were localized to the maxillary sinuses and there was some invasion of the underlying tissue, resulting in necrosis and an influx of inflammatory cells (Fig. 2b and 3b) . By day 7, the pathology had worsened, and there was exacerbation of the necrosis and corresponding inflammation. Hyphal invasion into the outer musculature of the cranium was seen, and portions of the initial hyphal mass had become detached. The hyphal fragments then colonized other areas of the nasal cavity, resulting in additional inflammation and drastic architectural changes in both the maxillary sinuses and nasal cavity ( Fig. 2c and 3c) . At day 7, untreated Aspergillus-exposed mice still had no pathology; all cavities were clear of debris, inflammation, and hyphae.
Mucus production was also disrupted in tissue and mucosa where hyphal masses had become invasive. Using a stain to highlight mucus (Alcian Blue-periodic acid-Schiff stain), there was a significant decrease in mucus production at the sites of hyphal masses in the treated mice at day 3 postinfection. By day 7, there was no mucus production in these sites (see Fig. S2 in the supplemental material).
The next objective was to analyze the kinetics of leukocyte recruitment into the nasal cavity following infection. The nasal cavity was excised and enzymatically digested as outlined in Materials and Methods. The cells in the cellular infiltrates were enumerated and then cytospun onto slides, stained, and analyzed. At day 3 postinfection, there was a significant increase in mature neutrophil recruitment in untreated, infected mice compared to uninfected mice (Fig. 4) . In contrast, there were no mature neutrophils at day 3 postinfection in the nasal cavities of anti-Gr-1-treated mice. However, a significant number of banded neutrophils were recruited to the infection within the nasal cavity in anti-Gr-1-treated mice (Fig. 4) . By day 7, a small number of banded neutrophils were still present; however, a substantial majority of the infiltrate was now mature neutrophils (the last injection of anti-Gr-1 was on day 5). The number of neutrophils in this group returned to uninfected levels by days 14 and 28 (data not shown). Thus, the kinetics of mature neutrophil influx in both groups correlated with fungal clearance, and if neutrophil influx was prevented by anti-Gr-1 treatment, hyphal masses developed. Since Gr-1 can also be expressed on a subpopulation of recently recruited monocytes (16), we also analyzed mononuclear cell recruitment in the mice following exposure to Aspergillus. There was no statistically significant change in mononuclear cells in either untreated or anti-Gr-1-treated mice at days 3 and 7 postinfection compared to uninfected mice (Fig.  4) . Thus, mononuclear cells are not a major component of the inflammatory infiltrate in the nasal cavity following Aspergillus exposure.
We next examined expression of the CXC chemokines KC (CXCL1) and MIP-2 (CXCL2) and the inflammatory cytokine IL-6 in the nasal cavity at day 3 postinfection (Fig. 5) . The levels of expression of KC, MIP-2, and IL-6 were all elevated following Aspergillus infection, and the induction was not affected by treatment with anti-Gr-1. These data demonstrate that mature neutrophils are not required for expression of these cytokines. The last objective of these studies was to determine if cyclophosphamide could also induce the development of invasive hyphal masses within the nasal cavities of mice exposed to Aspergillus. Cyclophosphamide depletes circulating T cells, B cells, and mononuclear cells, but it does not interfere with neutrophil development. Mice were treated with 150 mg/kg of cyclophosphamide via i.p. injection 3 days prior to intranasal exposure. Subsequent injections were administered every 3 days in order to maintain immunosuppression. Mice were then analyzed at days 3, 7, 14, and 21 postinfection. Cyclophosphamide did not affect splenic neutrophil numbers at day 3 postinfection, while anti-Gr-1 caused a significant decrease (see Fig.  S1 in the supplemental material). At all time points, development of hyphal masses was not seen within the nasal cavities of cyclophosphamide-treated mice (data not shown). In every specimen analyzed, small numbers of leukocytes were seen in the nasal cavities of treated mice; however, hyphal masses were never seen in the sinus or nasal cavities. Thus, protection against AFS depends on a cyclophosphamide-resistant cell population, and since anti-Gr-1 treatment ablated protection, these results suggest that the primary cell involved in host defense in the nasal cavity is the neutrophil.
DISCUSSION
We examined the protective role of neutrophils against A. fumigatus in AFS by developing a novel, reproducible model of the disease. In our studies, mice made temporarily neutropenic were not protected against fungal colonization and subsequent development of AFS. Previous studies of sinusitis pathogenesis have relied on alterations to the nasal architecture or physical impairments to allow disease progression. In the studies described here, the nasal cavity of mice was not altered and the mice were exposed to the fungus through a physiologically relevant route of infection. In both anti-Gr-1-treated and untreated experimental groups, inflammation or fungal colonization was always localized to the nasal cavity and did not disseminate to the lungs (data not shown).
Prior to this investigation, knowledge of the innate immune response against invasive aspergillosis in the nasal cavity was based on clinical observations or extrapolation from murine models of pulmonary disease. Although many correlations can be inferred between AFS and pulmonary invasive aspergillosis, there are significant differences between these diseases. The most noteworthy difference is the formation of the large hyphal masses seen in our model of AFS, which are never seen in pulmonary invasive aspergillosis. Even in neutropenic mice with severe cellular infiltrate, small hyphal fragments are all that is visualized within the lungs of the mice (3, 14) . One explanation for this difference is that alveolar macrophages are responsible for ingesting resting conidia, thereby preventing hyphal transformation and germination within the lungs (8, 11, 19, 22, 26) . These observations can also account for the inability of cyclophosphamide to induce AFS in our studies. Many murine models of pulmonary invasive aspergillosis use cyclophosphamide in order to immunosuppress the animals and allow initiation of fungal infection. The nasal cavity does not have resident macrophages that reside on the mucosal surfaces within the open air spaces. Without resident airway cells to ingest inhaled resting conidia, hyphal transformation may occur within the nasal cavity. Thus, the nasal cavity must rely on an influx of neutrophils to control hyphal growth.
The results presented here definitively demonstrate that Gr-1 ϩ cells are required for protection of the nasal cavity from Aspergillus infection. In addition to neutrophils, other cells, such as a subpopulation of macrophages and plasmacytoid dendritic cells, also express Gr-1 (16, 17) . This study did not exclude the potential positive contribution of these cells to host defense in the upper airways, and we hypothesize that the cells may be extremely important during chronic fungal infection. However, the anti-Gr-1 and cyclophosphamide results clearly demonstrate that Gr-1 ϩ neutrophils are critical for innate host defense in the sinuses during acute fungal exposure.
Expression of the neutrophil chemotactic factors KC and MIP-2 was elevated in the nasal cavity following Aspergillus exposure. Patients with AFS often have elevated levels of the CXC chemokines IL-8, which is a functional homologue of KC, and MIP-2 (23) . Increased levels of CXC chemokines following Aspergillus exposure have also been reported in murine models of invasive aspergillosis (3, (12) (13) (14) . Additionally, transgenic overexpression of KC in the lungs was able to improve the outcome following pulmonary aspergillus infection (15) . Thus, it is very likely that CXC chemokines are the major chemotactic signals for neutrophil influx into the nasal cavity following Aspergillus infection.
In conclusion, while much is known about host defense against Aspergillus in the lungs and systemically, relatively little is known about host defense against this mold in the sinuses. Furthermore, little is known about the effect of hyphal colonization on nasal architecture and function. The studies presented here demonstrate the feasibility of this model for studying AFS and implicate neutrophils in protection of the sinuses from Aspergillus infection and in clearance of established hyphal masses. The approach presented here can also be used to study the effect of virus-induced inflammation on the development of AFS. Viral infections can cause inflammation of the ostia, the sinuses, and the surrounding mucosa. Such inflammation has been hypothesized to provide an environment conducive to fungal colonization by disrupting normal regulation of innate immunity and nasal physiology within the paranasal region (1, 7). Thus, using models which do not disrupt the underlying architecture of the nasal cavity holds significant promise for identifying the etiologic factors that lead to fungal sinusitis.
